Rationale Nicotine-induced cognitive enhancement may be a factor maintaining tobacco smoking, particularly in psychiatric populations suffering from cognitive deficits. Schizophrenia patients exhibit higher smoking rates compared with the general population, suggesting that attempts to self-medicate cognitive schizophrenia deficits may underlie these high smoking levels. Objectives The present study explored pro-cognitive effects of nicotine in a model of schizophrenia-like cognitive dysfunction to test this self-medication hypothesis. Materials and methods We investigated whether chronic nicotine (3.16 mg/kg/day, base) would attenuate the performance disruption in the five-choice serial reaction time task (5-CSRTT, a task assessing various cognitive modalities, including attention) induced by repeated administration of phencyclidine (PCP), an N-methyl-D-aspartate receptor antagonist that induces cognitive deficits relevant to schizophrenia. Results Chronic nicotine administration shortened 5-CSRTT response latencies under baseline conditions. Nicotine-treated rats also made more correct responses and fewer omissions than vehicle-treated rats. Replicating previous studies, repeated PCP administration (2 mg/kg, 30 min before behavioral testing for two consecutive days followed 2 weeks later by five consecutive days of PCP administration) decreased accuracy and increased response latencies, premature responding, and timeout responding. Chronic nicotine did not attenuate these PCP-induced disruptions. Conclusions Chronic nicotine had pro-cognitive effects by itself, supporting the hypothesis that cognitive enhancement may contribute to tobacco smoking. At the doses of nicotine and PCP used, however, no support was found for the hypothesis that the beneficial effects of nicotine on cognitive deficits induced by repeated PCP administration, assessed in the 5-CSRTT, are larger than nicotine effects in the absence of PCP.
Introduction
Schizophrenia is a severe psychiatric disorder characterized by profound cognitive deficits (Elvevag and Goldberg 2000) that affect a wide range of cognitive modalities, including attention (Laurent et al. 1999) , processing speed (Nelson et al. 1990) , response inhibition/impulse control (Wykes et al. 2000) , and cognitive flexibility (Morice 1990) . Cognitive dysfunction in schizophrenia is highly correlated with functional impairment and long-term disability and is not well treated by currently available medications (Sharma and Antonova 2003) .
Tobacco smoking rates in schizophrenia patients are strikingly high. While only 25-30% of the general population smoke tobacco, the incidence in schizophrenia patients is nearly 90% (Hughes et al. 1986) , with most patients being heavy smokers (De Leon et al. 2002) . Nicotine, one of the major psychoactive components of tobacco smoke, can improve aspects of cognition (Mangan 1983; Peeke and Peeke 1984) , particularly attention Warburton et al. 1992; Parrott and Craig 1992; Bates et al. 1995) . The desire for cognitive benefits derived from nicotine has been suggested to be a major motivational force driving tobacco smoking (Warburton 1990 ). Self-assessments from tobacco smokers support this hypothesis. In a survey in Wisconsin, 17% of light smokers, 21% of moderate smokers, and 27% of heavy smokers listed "helps me concentrate" as a reason for smoking tobacco (Meyer 2002) . The high smoking rates among schizophrenia patients, therefore, may reflect an attempt to self-medicate the cognitive symptoms of the disorder. This observation also suggests that a dysfunction in nicotinic acetylcholine receptor signaling may be involved in the etiology of cognitive deficits in schizophrenia (Freedman et al. 1994) .
Translational studies using experimental animals such as rodents allow for the investigation of the effects of nicotine on general cognitive function and schizophrenia-like cognitive deficits under tightly controlled conditions. In the present study, we used a rat model that employed phencyclidine (PCP), a dissociative anesthetic that acts as a noncompetitive antagonist at N-methyl-D-aspartate (NMDA) glutamate receptors, as the inducing condition. PCP intoxication mimics a variety of schizophrenia symptoms in both humans and animals (Luby et al. 1959; Pradhan 1984; Handelmann et al. 1987) , and is widely used to induce a variety of behaviors and deficits relevant to schizophrenia (Javitt 1987; Steinpreis 1996; Jentsch and Roth 1999) . Specifically, PCP exposure disrupts cognition in humans and animals, producing a wide range of deficits that include attentional impairment (Pearlson 1981; Pradhan 1984; Jin et al. 1997) , decreased processing speed (Pearlson 1981; Pradhan 1984; Jin et al. 1997) , decreased response inhibition (Sanger and Jackson 1989; Jin et al. 1997; Jentsch and Taylor 2001) , and cognitive inflexibility (Jentsch and Taylor 2001; Rodefer et al. 2005) . The profile of cognitive disruption induced by PCP administration, therefore, parallels deficits present in schizophrenia patients.
We measured cognitive performance and impairment using the five-choice serial reaction time task (5-CSRTT) that assesses several cognitive modalities. The 5-CSRTT was originally developed as a test of attentional performance (Carli et al. 1983; Robbins 2002 ) and constitutes a well-established method to assess spatial sustained and divided attention. In addition, the 5-CSRTT includes measures of disinhibition of inappropriate responding and has become recognized as a test of impulsivity (Puumala et al. 1996; Evenden 1990 ). Furthermore, the task provides measures of processing speed and compulsivity or cognitive inflexibility (Robbins 2002) . Nicotine improves 5-CSRTT performance, increasing attentional accuracy and processing speed (Stolerman et al. 2000; Bizarro et al. 2004; Semenova et al. 2007 ). Repeated administration of PCP induces a profile of disruption in the 5-CSRTT that mirrors several of the cognitive deficits seen in schizophrenia, including impaired attention, increased impulsivity, cognitive inflexibility, and decreased processing speed (Amitai et al. 2007 ). These deficits are sensitive to attenuation by the atypical antipsychotic clozapine (Amitai et al. 2007 ) that has partial effectiveness in ameliorating cognitive dysfunction in schizophrenia (Meltzer and McGurk 1999; Bilder et al. 2002) , indicating that the model of PCP-induced disruptions in the 5-CSRTT has predictive validity (Geyer and Markou 1995) .
In the present study, we investigated the effects of chronic nicotine treatment on cognitive performance in the 5-CSRTT under both baseline conditions and during repeated PCP administration. We hypothesized that the cognition-enhancing effects of nicotine would be particularly pronounced in situations of impaired cognitive performance. Therefore, we predicted that chronic nicotine treatment would improve measures of 5-CSRTT performance, particularly attentional function, and that these beneficial effects on cognition would be larger when 5-CSRTT performance was degraded by repeated PCP administration than in the absence of PCP treatment.
Materials and methods
Animals Twenty-four male Wistar rats (Charles River Laboratories, Wilmington, MA, USA) were housed two per cage on a 12-h:12-h reversed light-dark cycle (lights off at 8:00 A.M.). All behavioral tests were conducted during the animals' dark cycle. Rats were allowed to reach a body weight of at least 300 g before being restricted to 20 g of food per day (in addition to the food pellets earned during testing) and initiation of behavioral training. Water was available ad libitum at all times except during testing. Animals were treated in accordance with the guidelines of the American Association for the Accreditation of Laboratory Animal Care and the National Research Council's Guide for Care and Use of Laboratory Animals. All experiments were approved by the University of California, San Diego, Institutional Animal Care and Use Committee.
Drugs Nicotine bitartrate was purchased from Sigma (St. Louis, MO, USA), and D-phencyclidine hydrochloride (PCP) was obtained from the National Institute on Drug Abuse (Bethesda, MD, USA). PCP and nicotine were dissolved in 0.9% saline solution. PCP was administered by subcutaneous (s.c.) injection in a volume of 2 ml/kg. Nicotine was delivered via subcutaneous osmotic minipumps.
Apparatus Training and testing were conducted in operant testing chambers enclosed in sound-attenuating chambers (Med Associates, St. Albans, VT, USA). Each testing chamber contained a curved rear wall with nine contiguous apertures. Metal inserts covered every alternate hole, leaving open holes 1, 3, 5, 7, and 9. A photocell beam located at the entrance of each aperture detected nosepoke responses, and a 3-W stimulus light was located at the rear of each aperture. Food pellets could be delivered automatically into a magazine located in the opposite wall via a food dispenser; a photocell beam detected head entries into the magazine. A computer running MedPC software (Med Associates) controlled the apparatus.
Five-choice serial reaction time task procedure Animals were allowed to habituate to the operant testing chambers for 20 min on two consecutive days. During these sessions, each open aperture and the food magazine were baited with five to ten food pellets to encourage rats to explore them. Next, rats were trained to retrieve food rewards from the magazine in three daily 20-min sessions, during which a food pellet was delivered noncontingently into the magazine every 20 s. Preliminary training sessions followed, in which all apertures were illuminated until the rat made a nosepoke response into any aperture that resulted in extinction of all apertures and delivery of a food pellet into the magazine. Head entries into the magazine initiated an intertrial interval (ITI) varying from 2 to 10 s, after which all apertures again were illuminated. Training on the 5-CSRTT task began once rats retrieved >70 rewards for two consecutive sessions. The training procedure for the 5-CSRTT was based on the protocol established by Robbins and colleagues (Carli et al. 1983) . Briefly, trials were initiated by a head entry into the food magazine. An initial noncontingent food pellet was delivered into the magazine at the start of each session to facilitate initiation of the first trial. After a variable ITI ranging from 2 to 10 s, a light stimulus was presented in one of the response apertures. A nosepoke in this aperture within a limited hold period (correct response) resulted in the delivery of a food pellet into the magazine. Nosepokes in a wrong aperture (incorrect responses) or failures to respond within the limited hold period (omissions) were punished by a 5-s timeout, marked by extinction of the house light and no delivery of food reward. Nosepokes in any aperture made before presentation of the target stimulus (premature responses) likewise resulted in a timeout and no food reward. Nosepokes during the timeout period (timeout responses) reset the timeout period. Each session lasted 30 min or until 100 trials had been completed, whichever occurred first. The duration of the light stimulus and the limited hold period were initially set at 30 and 60 s, respectively, and gradually decreased over the course of training to a 1-s stimulus duration and a 5-s limited hold. Rats were trained until they had achieved criterion performance (>70% accuracy and <30 total omissions) and stable baselines (<10% variation in accuracy over five consecutive days). On average, 40 sessions were required for rats to attain criterion performance. The following measures were recorded to assess task performance: the light stimulus to the performance of an incorrect nosepoke response. This latency measure was assessed in all experiments but is not reported here because it exhibited essentially the same drug effects as latency to correct response. -Latency to reward retrieval: time from the performance of a correct response to the retrieval of the food reward from the magazine. -Total trials: total number of trials initiated during the session.
Osmotic minipump implantation and removal Rats were anesthetized with a 1-3% isoflurane/oxygen vapor mixture and an osmotic minipump (Alzet model 2ML1 14 day pump, Alza Corporation, Palo Alto, CA, USA) containing either nicotine or saline (see experimental design below) was inserted subcutaneously on the back of the animal parallel to the spine, with the flow moderator directed posteriorly. The wound was stapled, and an antibacterial ointment was applied to the incision area. On day 14, an incision was made under anesthesia, the minipump was removed, the wound was closed with surgical staples, and an antibacterial ointment was applied.
Experimental design After establishment of stable performance in the 5-CSRTT (<10% variation in accuracy over five consecutive days for each individual rat), rats received two initial subcutaneous injections of 2 mg/kg PCP, separated by 24 h. The rats then were assigned to two groups that did not differ in accuracy, correct responses, incorrect responses, and premature responses both under baseline conditions and during this initial PCP exposure. This group-matching procedure was necessitated by the considerable variability in responsiveness to performance disruption with PCP, which cannot be predicted from an animal's baseline performance. Balancing the groups based on both their performance in the absence of PCP and during PCP exposure ensured that differential responsiveness to PCP would not confound the results after nicotine treatment. One group (n=12) was prepared with 14-day osmotic minipumps delivering 3.16 mg/kg/day nicotine base (9 mg/ kg/day nicotine salt); the other group (n=12) received pumps containing saline. After three initial days of nicotine/ vehicle exposure, all rats received five consecutive daily subcutaneous saline injections 30 min before 5-CSRTT testing to habituate them to the injection procedure, followed by five consecutive daily subcutaneous injections with 2 mg/kg PCP 30 min before 5-CSRTT testing. Overall, this design allowed for the comparison of the effects of nicotine vs. vehicle (between-subjects factor) as well as of PCP vs. saline (within-subjects factor), with all factorial combinations (saline/saline, saline/PCP, nicotine/saline, nicotine/PCP) explored. The mixed within/betweensubjects design was necessitated by the long training times required by the task and the large numbers of animals needed in each group to reduce the considerable variation in the behavioral effects of PCP commonly observed (Idris et al. 2005; Amitai et al. 2007 ). Previous studies in our laboratory demonstrated that the repeated injection procedure alone does not induce any changes in any of the task parameters (Amitai et al. 2007 ). Repeated injections of PCP were used because previous studies showed that a single injection of PCP produced a general, nonspecific response suppression that partially or completely occluded the observation of specific cognitive and other deficits relevant to schizophrenia (Amitai et al. 2007 ). Pumps were removed on the 14th day of nicotine/saline exposure, and rats were tested daily in the 5-CSRTT for ten additional days to assess the return of performance to baseline levels (see Fig. 1 for a diagram of the experimental design). PCP was administered at a concentration of 2 ml/kg because irritation at the injection site had been observed with repeated PCP injections at 1 ml/kg, even when varying the injection site.
Data analyses Data were analyzed using two-way mixeddesign analyses of variance (ANOVA). To assess the effects of chronic nicotine by itself, average values from the 5 days preceding any drug treatment ("baseline days") were compared with average values obtained during the 9 days of PCP-free pump treatment. Presence of Pump (before pump implantation/during pump exposure) was the withinsubjects factor, and Pump Content (nicotine/vehicle) was the between-subjects factor. To assess the effects of chronic nicotine on performance disruption induced by repeated PCP administration, average values from the 5 days of saline injection during pump treatment were compared with average values from the 5 days of PCP administration during pump treatment. Drug Challenge (PCP/saline) was the within-subjects factor, and Pump Content (nicotine/ saline) was the between-subjects factor. When statistically significant effects were found in the ANOVAs, post hoc comparisons among means were conducted using Bonferroni tests. The level of significance was set at 0.05. Data were analyzed using the GraphPad Prism statistical package (GraphPad, San Diego, CA, USA).
Results

Effects of chronic nicotine on 5-CSRTT under baseline conditions No effects of Presence of Pump and Pump
Content on accuracy were found (Fig. 2a) .01] also were observed for percent omissions, indicating that nicotine-treated rats had fewer omissions than vehicle-treated rats after pump implantation (Fig. 2c) . To follow up on the possible effect of nicotine suggested by the Presence of Pump × Pump Content interaction, we performed an additional mixed-design ANOVA comparing percent omissions made by vehicle-vs. nicotine-treated rats on each individual day of PCP-free pump treatment (Time, (Fig. 3 ). Latency to reward retrieval remained unaffected (data not shown).
Presence of Pump also significantly increased premature responses [F(1, 22)=4.55, p<0.05], but no significant main effect of Pump Content or Pump Exposure × Pump Content interaction was observed. However, post hoc tests revealed that nicotine-treated rats completed significantly more premature responses after pump implantation compared to baseline values (p<0.05), whereas no significant difference was found in vehicle-treated rats (Fig. 4) . No effects on timeout responses (data not shown) were found.
Effects of chronic nicotine on PCP-induced disruptions in the 5-CSRTT Repeated PCP administration significantly decreased accuracy [F(1, 22)=40.39, p<0.0001; Fig. 2a] and percent correct responses [F(1, 22)=61.89, p<0.0001; Fig. 2b ] and increased percent omissions [F(1, 22)=45.04, p<0.0001; Fig. 2c ], latency to correct response [F(1, 22)= 35.08, p<0.0001; Fig. 3 ], premature responses [F(1, 22)=15.18, p<0.001; Fig. 4 
Discussion
Rats treated with chronic nicotine completed more correct responses and made fewer omissions in the 5-CSRTT than saline-treated rats in the absence of PCP (Fig. 2b,c) , suggesting enhanced attention. Moreover, they displayed shorter latencies to correct response (Fig. 3) , indicating increased processing speed. This performance-enhancing effect of chronic nicotine under baseline conditions in the absence of PCP is consistent with previous data indicating that nicotine enhances cognitive performance. Studies in humans found enhanced attentional performance after cigarette smoking or other nicotine administration Warburton 1983, 1984a, b; Rusted and Warburton 1992; Warburton et al. 1992; Parrott and Craig 1992; Bates et al. 1995) . However, the use of research subjects who were abstinent smokers raises the possibility that the improvements observed were attributable to relief of nicotine withdrawal-induced cognitive deficits (Hughes 1991; Heishman et al. 1994; Heishman 1998) . Studies investigating the effects of nicotine in nonsmokers were mixed, with some studies finding improved cognitive performance (Wesnes and Warburton 1984b; Foulds et al. 1996; Levin et al. 1998b ), while others reported no effect or even impaired cognitive performance (Dunne et al. 1986; Heishman et al. 1993; Heishman and Henningfield 2000) .
In animal studies, a single administration of nicotine produced similarly mixed results, with some studies showing improved cognitive performance (Evenden et al. 1993; Levin 1994; Levin et al. 1997; Mirza and Stolerman 1998; Stolerman et al. 2000; Bizarro et al. 2004; Rezvani et al. 2005) , while others reported no improvements or cognitive impairment (Mundy and Iwamoto 1988a, b; Dunnett and Martel 1990) . Chronic nicotine, however, which may better mimic the constant nicotine exposure experienced by long-term tobacco smokers, improved attention in the 5-CSRTT Semenova et al. 2007 ) and enhanced working memory and acquisition of a working memory task (Levin et al. 1990 (Levin et al. , 1992 (Levin et al. , 1993 (Levin et al. , 1996a ) more reliably than acute nicotine administration. Thus, our finding that chronic nicotine improved attention and processing speed further corroborates the potential of nicotine to improve cognitive performance, especially when administered chronically. This observation lends support to the hypothesis that cigarette smoking is at least partially driven by the desire for nicotine-induced cognitive benefits.
However, saline-treated rats appeared to experience small deficits in 5-CSRTT performance after minipump implantation, with decreases in correct responses and increases in omissions (Fig. 2b,c) . While the performance of nicotine-treated rats was better than performance of saline-treated rats after pump implantation, it did not appear Fig. 4 Effects of chronic nicotine administration on inhibition of inappropriate responding in the 5-CSRTT under baseline conditions and during repeated PCP administration. Premature responses are expressed as mean ± SEM. Bar graphs show binned averages from the five baseline days preceding any drug treatment and the 9 days of PCP-free pump treatment (left) and binned averages from the 5 days of saline injection during pump treatment and the 5 days of PCP administration during pump treatment (right). *p<0.05, statistically significant differences compared with baseline performance. ###p< 0.001, statistically significant difference compared with performance after saline injections. Gray field indicates the period of pump treatment. Arrows indicate a PCP injection to exceed pre-pump implantation baseline levels. Therefore, the possibility cannot be excluded that nicotine may have simply prevented detrimental consequences of pump implantation, possibly by preventing a disruptive effect of mild post-surgical discomfort through its analgesic actions. In the case of latency to correct response, however, no such performance decrement below baseline levels was seen after minipump surgery (Fig. 3) , confirming that the latencies of nicotine-treated animals were indeed faster than baseline levels and that nicotine enhanced processing speed. Chronic nicotine did not affect latency to reward retrieval, indicating that the shortening of correct response latencies was not simply attributable to a general increase in speed of locomotion.
Consistent with previous findings (Stolerman et al. 2000; Bizarro et al. 2004; Semenova et al. 2007) , nicotine also increased premature responding in the 5-CSRTT (Fig. 4) , suggesting increased impulsivity. The pattern of results seen in our study underscores the fact that, even though accuracy and premature responses often are negatively correlated in the 5-CSRTT (Puumala et al. 1996) , the two measures are dissociable. Nicotine, therefore, may improve certain aspects of cognitive performance (processing speed, attention) while negatively affecting another cognitive modality (response inhibition/impulsivity).
Nicotine administration also has been reported to improve cognitive performance in schizophrenia patients (Adler et al. 1993; Levin et al. 1996b; Depatie et al. 2002; Smith et al. 2002 Smith et al. , 2006 Sacco et al. 2005) , although only some studies find nicotine-induced improvements in nonsmoking schizophrenia patients (Harris et al. 2004 ), while others do not (Myers et al. 2004) . We therefore explored the effects of chronic nicotine treatment on schizophrenia-like cognitive disruptions induced by repeated PCP administration. Replicating previous findings (Amitai et al. 2007) , repeated PCP administration resulted in decreased accuracy and correct responding (Fig. 2a,b) , increased incorrect responding and omissions (Fig. 2c) , increased latencies to correct response (Fig. 3) , and increased premature responding (Fig. 4) and timeout responding in the 5-CSRTT. PCP intoxication thus created a schizophrenia-like profile of cognitive disruption comprising impaired attention, increased impulsivity, cognitive inflexibility, and decreased speed of processing. Chronic nicotine treatment did not affect any of the performance deficits induced by repeated PCP administration (Figs. 2, 3, and 4) .
These findings did not confirm our prediction that the pro-cognitive effects of nicotine would be more pronounced under circumstances in which cognitive performance was degraded by antagonist actions at the NMDA receptor. This lack of effect was not likely due to the use of an insufficient nicotine dose. The dose chosen here (3.16 mg/kg/day nicotine base) generates stable plasma nicotine levels (44 ng/ml) comparable to those achieved by heavy smokers consuming ∼30 cigarettes per day (Benowitz 1988) and produces dependence in rats within as little as 7 days (Malin et al. 1992 ). This dose, therefore, is physiologically relevant, although the possibility remains that higher nicotine doses may be effective in reversing PCP-induced attentional deficits.
The PCP dose (2 mg/kg) and regimen (see "Materials and methods" and Fig. 1 ) chosen for this study were based on extensive previous observations indicating that lower PCP doses (≤1 mg/kg) had little effect on 5-CSRTT performance. Higher PCP doses (≥3 mg/kg) led to profound nonspecific response suppression and overall behavioral disruption, including ataxia, while at even higher doses, paralysis of the hind limbs was observed. Finally, repeated administration of 2 mg/kg PCP induced selective cognitive deficits in the 5-CSRTT (Amitai et al. 2007 ). Although a number of studies used higher PCP doses than those used here to induce cognitive impairment (Jentsch et al. 1997; Jentsch and Taylor 2001; Rodefer et al. 2005 Rodefer et al. , 2007 , these studies examined cognitive performance in the drug-free state after a significant washout period from the last PCP administration. In contrast, we investigated cognitive deficits during acute PCP re-challenges after repeated PCP exposures, based on the observation that the schizophrenialike state evoked by PCP in humans is present during PCP intoxication, not during PCP withdrawal or during prolonged post-PCP abstinence (Pradhan 1984) .
The severe cognitive disruptions induced by PCP at this dose may have been too profound to be counteracted by nicotine, whose pro-cognitive effects tend to be mild. Interestingly, in a previous study, chronic clozapine effected a partial, but significant, attenuation of disrupted attention and impulsivity induced in the 5-CSRTT using a PCP dose and administration regimen identical to that used in the present study (Amitai et al. 2007 ). This finding demonstrates that at the dose used in the present study, PCP induces cognitive deficits that can be attenuated by pharmacological manipulations. Clozapine has a complex biochemical profile, interacting with a variety of receptors, including serotonin, dopamine, norepinephrine, and acetylcholine (Schmidt et al. 2001) . Several of these receptor actions have been proposed to play a role in cognitive enhancement and amelioration of NMDA receptor antagonistinduced deficits, including antagonism of 5-HT 2A (Schmidt et al. 1995; Meltzer 1999) , 5-HT 6 (Hatcher et al. 2005; Rodefer et al. 2007) , and 5-HT 7 (Pouzet et al. 2002; Semenova et al. 2008 ) serotonin receptors. Moreover, in addition to nicotinic receptors, muscarinic acetylcholine receptors are involved in cognitive function (Levin 1988; Brandeis et al. 1995) . Perhaps actions at several receptors and neurotransmitter systems are required for reversal of the profound and complex changes induced by repeated PCP administration. Nevertheless, the possibility remains that at a slightly different dose, PCP may induce 5-CSRTT deficits that are more sensitive to attenuation by nicotine treatment.
During PCP exposure, the 5-CSRTT performance of nicotine-treated rats did not differ significantly from that of vehicle-treated rats (Figs. 2, 3 , and 4), suggesting that the performance enhancement induced by nicotine was blocked by the NMDA receptor antagonist. Nicotine-induced increases in glutamate release (Gioanni et al. 1999 ) may mediate cognitive-enhancing effects of nicotine. Noncompetitive antagonism of NMDA receptors by PCP may abolish the pro-cognitive increases in glutamate transmission induced by nicotine, as shown previously (Quarta et al. 2007 ). Nevertheless, nicotine-induced increases in glutamate transmission through non-NMDA receptors could potentially overcome the effects of NMDA blockade on downstream systems. Furthermore, chronic nicotine administration increases expression of high-affinity α 4 β 2 nicotinic receptors (Marks et al. 1985; Schwartz and Kellar 1985) involved in cognitive function (Levin 2002) . NMDA receptor antagonist administration attenuates nicotineinduced increases in α 4 β 2 nicotinic receptor expression Rezvani et al. 2008b) . If nicotine effects on cognition depend on enhanced glutamate transmission and/or increased α 4 β 2 nicotinic receptor expression that are countered by NMDA receptor antagonism, it is unlikely that nicotine could succeed in ameliorating PCP-induced cognitive disruptions.
Nevertheless, nicotine reduced the attentional disruption induced by a different noncompetitive NMDA receptor antagonist, dizocilpine, in a two-lever visual signal detection task (Rezvani and Levin 2003; Rezvani et al. 2008a ). Improvement of dizocilpine-induced deficits in working and reference memory with nicotine also has been found (Levin et al. 1998a ). However, the attenuation of dizocilpineinduced deficits by nicotine was seen only on one measure of attentional performance, percent correct rejections, while on another measure, percent hits, nicotine was ineffective and at some doses even exacerbated dizocilpine-induced disruptions at shorter stimulus durations (Rezvani and Levin 2003) . In another study, nicotine attenuated the deficit in percent hits induced by dizocilpine, but to a lesser extent than percent correct rejections (Rezvani et al. 2008a ). This pattern of results suggests that reversal of cognitive deficits produced by NMDA receptor antagonists can be difficult to demonstrate consistently and may be highly sensitive to doses of both the NMDA receptor antagonist and the putative "therapeutic" compounds, as well as task parameters.
Furthermore, PCP and dizocilpine exhibit subtle differences in their pharmacology that may account for the differences in results with the two drugs. Dizocilpine is more potent in its affinity for the NMDA receptor, and its behavioral actions show a slower onset and longer duration than PCP (Winger et al. 2002) . PCP also has more affinity for the σ receptor (Quirion et al. 1981) and greater effectiveness as a dopamine reuptake inhibitor than dizocilpine (Johnson and Jones 1990) . However, nicotine has been found to ameliorate a PCP-induced acquisition deficit in monkeys (Thompson and Winsauer 1986) . Furthermore, PCP-induced disruption of preattentional sensory gating in mice is attenuated by nicotine (Spielewoy and Markou 2004; Andreasen et al. 2006) . Deficits in these cognitive modalities may be more sensitive to nicotine effects than attentional disruptions. This would appear surprising, however, because the pro-cognitive effects of nicotine under baseline conditions seem to preferentially improve attention .
The studies discussed above show attenuation of NMDA receptor antagonist-induced deficits with acute administration of nicotine, and not with chronic nicotine treatment as used in the present study. However, the lack of reversal of PCP effects with nicotine in the present study is unlikely to be due to tolerance because no tolerance to the procognitive effects of nicotine is observed when the effects of nicotine are assessed under baseline conditions. In fact, as mentioned above, chronic nicotine may produce more reliable pro-cognitive effects under baseline conditions than acute nicotine, and in some cases, enhanced pro-cognitive effects of nicotine are seen with chronic administration .
In summary, the present study found that at the doses investigated here, chronic nicotine did not exert beneficial effects on cognitive performance disrupted by the psychotomimetic NMDA receptor antagonist PCP, assessed by the 5-CSRTT. However, we found evidence that chronic nicotine by itself may improve attentional function and processing speed, providing further evidence for the hypothesis that a desire for cognitive benefits may be among the factors driving the initiation and maintenance of tobacco smoking.
